A generic method is described for the fluorescence ''readout'' of the activity of single redox enzyme molecules based on Fö rster resonance energy transfer from a fluorescent label to the enzyme cofactor. The method is applied to the study of copper-containing nitrite reductase from Alcaligenes faecalis S-6 immobilized on a glass surface. The parameters extracted from the single-molecule fluorescence time traces can be connected to and agree with the macroscopic ensemble averaged kinetic constants. The rates of the electron transfer from the type 1 to the type 2 center and back during turnover exhibit a distribution related to disorder in the catalytic site. The described approach opens the door to singlemolecule mechanistic studies of a wide range of redox enzymes and the precise investigation of their internal workings.
electron transfer ͉ redox enzyme ͉ Fö rster transfer ͉ nitric oxide ͉ fluorescent label I n the past few years, single-enzyme studies have revealed numerous hidden aspects of enzyme behavior (1) . The huge potential of these studies to unravel the intricate kinetics and precise workings of enzymes, which are often hidden within the ensemble properties, is somewhat restricted by current approaches. The majority of existing single-molecule enzymatic assays are based on fluorescence and have been limited to the flavoenzymes, which contain a fluorescent cofactor (2-5), or to enzymes for which a suitable fluorogenic substrate could be designed (6) (7) (8) (9) . Recently, it was shown how redox enzyme activity in the bulk can be studied by Förster resonance energy transfer (FRET) from an attached fluorescent label to the enzyme cofactor (10, 11) . Here, we report, first, how this technique can be successfully applied to study the enzymatic turnover of single surface-confined copper-containing nitrite reductase (NiR) molecules labeled with ATTO 655 using scanning confocal fluorescence microscopy. Second, it is shown how the kinetics of the fluorescence time traces can be connected with the kinetic parameters that describe the ensemble behavior of the enzyme. Finally, the rate of the electron transfer between the types 1 and 2 Cu centers during turnover could be established. The observed distribution of rates is connected to the partial structural disorder in the catalytic site that has been observed in crystallographic studies.
Results
Enzyme Mechanism. Dissimilatory copper-containing nitrite reductase (NiR) from Alcaligenes faecalis S-6 converts nitrite into nitric oxide. The enzyme is a homotrimer, each monomer containing one type 1 and one type 2 copper site (Fig. 1) . The type 1 copper accepts an electron from the physiological donor and transfers it to the type 2 copper, where nitrite is reduced to nitric oxide (NO). The midpoint potentials of the types 1 and 2 Cu centers are close, resulting in a redox equilibrium constant for the two sites that is close to 1 (12, 13) . Regarding the enzyme mechanism, it has been stated (14, 15) that, after reduction of the type 1 Cu site, the electron is passed on to the type 2 Cu site, after which nitrite binds to this site and is converted (''reduction first''). Others have found that nitrite first binds to the oxidized type 2 site, after which an electron is transferred from the type 1 to the type 2 site and nitrite conversion takes place (''binding first'') (12) . More recent investigations show that the enzyme operates according to a ''random sequential mechanism'' in which both pathways run in parallel, although either one of them may prevail depending on the experimental conditions (16) [see supporting information (SI) Appendix, SI Scheme 2]. The choice of pH and nitrite concentration in the present study favor the ''reduction first'' pathway (16) . Fluorescent Labeling. When oxidized, the type 1 Cu site has two broad absorption bands at 450 and 590 nm (SI Appendix, SI Fig.  5 ) that disappear upon reduction. [The contribution of the type 2 copper to the NiR absorption is negligible (17) ]. This property was used to monitor the enzyme turnover by attaching a fluorescent label to the enzyme. If spectral overlap and distance between label and cofactor allow Förster resonance energy transfer (FRET), the label fluorescence will reflect the progress along the catalytic cycle.
The ATTO 655 chromophore was chosen as a label. The absorption of oxidized type 1 Cu has a significant spectral overlap with the ATTO 655 emission (SI Appendix, SI Fig. 5 ), corresponding with a Förster radius of 3.5 nm (see SI Appendix, SI Text). The donor-acceptor distance from ATTO 655 attached to the N terminus of NiR to the type 1 Cu of the same monomer is 3.9 Ϯ 0.5 nm, as estimated from the NiR crystal structure (18) . This leads to an estimated efficiency of FRET from the fluorophore to the oxidized type 1 copper of 30-45%. Because reduced type 1 Cu has no absorption in the visible region, the fluorescence of ATTO 655-labeled NiR will be significantly higher for the protein with a reduced than with an oxidized type 1 Cu center. During enzymatic turnover of the labeled NiR, the fluorescence intensity of ATTO 655 is expected to switch, therefore, between two distinct levels: high (corresponding to reduced type 1 Cu) and low (oxidized type 1 Cu) (Fig. 1) .
To observe the activity of only one monomer in the NiR trimer, the labeling conditions were chosen to yield on average no more than one dye molecule per trimer. Reaction conditions favored labeling of the N terminus over lysine labeling (see Methods). As a control, an H145A mutant of NiR was used, in which one of the histidines (His-145) coordinating the type 1 copper is replaced by alanine. This mutation leads to a large increase in the midpoint potential of the type 1 site, resulting in almost complete loss of catalytic activity (17) . An electron donor excess sodium ascorbate with phenazine ethosulfate (PES) as a redox mediator was used to initiate the NiR turnover (19) . The ascorbate/PES also has the advantage of keeping the system anaerobic, preventing NiR inactivation (20) .
Single-Molecule Experiments. For the single-molecule confocal fluorescence microscopy experiments, the enzyme was immobilized on silanized glass through a homobifunctional thiolreactive polyethyleneglycol linker (Fig. 2) . A typical confocal fluorescence microscope image of ATTO 655-labeled immobilized L93C NiR is shown in Fig. 3A . To study an individual enzyme, a single labeled NiR molecule was positioned in the focus of the microscope (at the laser excitation spot), and its emission intensity time trace was measured (20 to Ͼ300 sec). Molecules that were turning over were always measured for at least 100 sec.
Two types of fluorescence intensity time traces were observed. An example of the first type is shown in Fig. 3B . It was observed for H145A/L93C NiR in the absence of ascorbate/PES and nitrite. Similar traces were observed with the active L93C NiR (no ascorbate/PES, no nitrite) and with glass slides spin-coated with an ATTO 665 solution in 1% polyvinyl alcohol. Periods of high fluorescence alternate on a time scale of seconds with dark periods in which only the background signal is observed; we ascribe this to dye blinking (21) (22) (23) (24) . The steady nature of the observed fluorescence during the ''on'' periods is consistent with crystallographic and NMR evidence, indicating absence of largescale conformational fluctuations (18, 25) . ¶ In passing, we note that the one-step bleaching (data not shown) and blinking observed under nonturnover conditions confirmed we were monitoring single molecules.
Addition of ascorbate/PES and nitrite had no effect on the signal of H145A/L93C NiR except for an increased prevalence of the ''off'' periods (SI Appendix, SI Fig. 6 ). A completely different type of fluorescence trace was observed when nitrite and ascorbate/PES were added to immobilized active L93C NiR (Fig. 3C) . The corresponding fluorescence intensity histogram can be fit with two Poissonian distributions, showing the molecules are switching between two fluorescence levels, which are clearly above the background. These traces we attribute to catalytically active ATTO 655-labeled L93C NiR, the state with the lower fluorescence corresponding to intermediates in the NiR catalytic cycle where the type 1 copper is oxidized and the state with the higher fluorescence to intermediates where the type 1 copper is reduced. ʈ The virtual disappearance of blinking under these conditions was not further investigated and is the subject of further study.
Effect of Substrate Concentration. The occurrences of the high-and low-fluorescent states varied with the substrate concentration. In Fig. 4A , the relative occurrence, P, of the high fluorescent state is presented as a function of the nitrite concentration. Here, P ϭ I high /(I high ϩ I low ), where I high (I low ) is the integral under the Poissonian histogram corresponding to the high (low) fluorescent state. At high [NaNO 2 ], the probability of finding the type 1 Cu center reduced levels off at Ϸ30%. This is consistent with the expectation that the type 1 Cu on average will stay longer in the reduced form at low substrate concentrations, because the electron flow from it will be limited by the availability of substrate. The same value is found in bulk fluorescence experiments at 5 mM sodium nitrite. At the same time, the ratio of the high-and low-fluorescence intensities was similar in all experiments, with (F high ϪF low )/F high in the range of 0.3-0.6 with an ¶ Attempts to observe the fluorescence of single molecules in the absence of nitrite and the presence of reductant so far have failed, due to instability of the response, possibly caused by reductive photochemistry. The substrate and then the reductant were added directly into the buffer, and several images were taken to ensure that the protein was immobilized.
average of 0.45 Ϯ 0.08. This value fits well with the (F red ϪF ox )/ F red ϭ 0.49 we observe in bulk experiments (data not shown) and with the 0.3-0.5 range predicted from the spectral overlap (see above).
Autocorrelation Analysis. Because the Poissonian distributions corresponding to the high-and low-fluorescent states overlap, the distinction between the two states necessary to calculate the probability density functions of ''on'' and ''off'' times becomes blurred. Instead, to obtain the kinetics of the enzyme turnover, we calculated (see Methods for details) the fluorescence intensity autocorrelation functions, G(t), for the emission traces at different substrate concentrations and fitted the normalized functions to single stretched exponentials, G(t) ϭ exp(Ϫ(t/ 0 ) ␤ ). The stretched exponential function can be considered as a sum of single exponentials with decay times after a distribution (): (26, 27) . The analytical expression for () depends only on 0 and ␤ (27) . Singleexponential behavior is observed for ␤ ϭ 1, whereas for ␤Ͻ1, the distribution of values becomes broader the more ␤ deviates from 1. The average value of , which will be used in the subsequent analysis, is given by ϽϾ ϭ ͐() d ϭ ( 0 /␤) ⌫(1/␤) that can be evaluated numerically for given 0 and ␤ (26, 27) . denotes the state of the enzyme with the type 1 site oxidized (O) and the type 2 site reduced (R); similar definitions apply to OO and RO. The RO state has high, the others low fluorescence intensity. Qian and Elson (28) have shown that for a cyclic reaction scheme as in Scheme 1, the occupation probabilities for the three states under nonsteady-state conditions exhibit biexponential kinetics, i.e., the change in occupation probability is the sum of two exponentials with different amplitudes for each state. The same is true for the first-order autocorrelation function relating to the occupational probability of each state under steady-state conditions. In our case, the autocorrelation function of the fluorescence corresponds with the occupation probability of the state ''RO'' in Scheme 1. Thus, the fluorescence correlation function becomes (28) ,
[1]
The expression for 1,2 in terms of the rate constants in Scheme 1 can be found directly from the expressions derived by Qian and Elson and is given by 1,2 ϭ Ϫ 1 2
with
and with S the substrate concentration.
The decay time 1/ 1 is too short for the exp( 1 t) component to give a measurable contribution to G(t) within the 1-ms binning time used for the present analysis of the fluorescence traces.
Consequently, G(t) simplifies to
G͑t͒ ϭ A⅐exp͑ 2 t͒
[4]
[5]
Although Eq. 4 indicates that the fluorescence autocorrelation function consists of a single exponential with a single rate, the experiment shows that we are dealing with a sum of such exponentials (i.e., a stretched exponential) with a distribution of rates. The distribution is characterized by an average decay time ϽϾ, which has been experimentally determined (Fig. 4C ). We will use Eq. 5 for the analysis of the 1/ϽϾ data as a function of the nitrite concentration (Fig. 4C ) by replacing ͉ 2 ͉ by 1/ϽϾ. The corresponding values of k 1 , k 2 , etc., then reflect distribution averaged parameters.
Finally, the steady-state probability of the on state, P SS (RO), can be found directly from the expressions derived by Qian and Elson and is given by
A global fit of the experimental data in Fig. 4 A and C to Eqs. 6 and 5, respectively, produced the continuous lines in Fig. 4 A and C. The corresponding values of the rate constants are
Ϫ1 . It should be noted that ͉ 2 ͉ does not represent the turnover rate of the enzyme, and that the dependence of 2 on the substrate concentration does not exhibit Michaelis-Menten characteristics. For the connection of the single-molecule kinetic parameters of Scheme 1 with Michaelis-Menten kinetics, see SI Appendix, SI Text.
Discussion
We first investigate whether and how the data obtained from the present single-molecule experiments can be related to the enzymological parameters that have been reported for NiR in the literature. Subsequently, we comment on possible causes for the distribution in rate parameters.
The rate constants of forward and backward electron transfer during catalysis between the types 1 and 2 Cu centers in L93C NiR from A. faecalis amount to k 3 ϭ 21 Ϯ 6 s Ϫ1 and k Ϫ3 ϭ 14 Ϯ 4 s Ϫ1 . There are no data in the literature by which these values can be compared directly. The data that come closest are provided by pulse radiolysis experiments on a range of NiRs. These have provided values for k ET ϭ (k 3 ϩ k Ϫ3 ) that range from 450 to 2,100 s Ϫ1 . However, they refer to experiments in the absence of nitrite. Suzuki et al. (29) have reported that these rates drop, in some cases by Ͼ1 order of magnitude, in the presence of nitrite (but still in the absence of turnover). It is generally accepted now that binding and turnover of nitrite may cause subtle structural changes in the protein framework around the catalytic site that may considerably affect the rate of intramolecular electron transfer.
A better set of data by which to compare the present results is provided by the Michaelis-Menten parameters of the enzyme, provided the microscopic parameters of Scheme 1 can be connected to the macroscopic parameters observed in the bulk. Attempts by us to use pseudoazurin as a reductant in a single-molecule experiment have failed so far, possibly because of preferential absorption of the pseudoazurin to the hydrophobic glass surface. Instead, we checked the catalytic rate of the ATTO 655-labeled L93C NiR in bulk by determining the rate of NO formation under the same conditions (see Methods), as used in the single-molecule experiments (data not shown). The K M measured in these experiments was 50 Ϯ 20 M, and the V max was 8 Ϯ 1 s Ϫ1 . Similar activities were found for unlabeled NiR. Although the data appear in good agreement with the values extracted from the single-molecule experiments, further attempts are underway to study the effect of reductant and pH on the rates of internal ET. This is of interest, because the turnover rate is known to depend on pH.
It can be shown (see SI Appendix, SI Text) that this connection is given by
In the present experiments, we find that ␤ decreases with increasing substrate concentration (Fig. 4B) to reach a value of ␤ ϭ 0.6 at saturating nitrite concentrations. Using the approach of Lindsey and Patterson (27) , this value of ␤ corresponds to a distribution by which 80% of the decay times lie between 0.5⅐ 0 and 5⅐ 0 , i.e., a spread by 1 order of magnitude. According to Eq. 2, at saturating substrate concentrations, the characteristic decay time of the autocorrelation function only depends on k 2 and k 3 , i.e., on the rates of reduction of the types 1 and 2 sites. In the following, we discuss possible causes for the spread in these rates.
The overall structure of NiR appears remarkably stable, with little indication for conformational flexibility. X-ray diffraction data show no regions in the structure with conspicuously high-temperature factors (12, 32) .** The structures of reduced, oxidized, and substrate-and product-bound NiR are virtually superimposable. The structures of NiRs from various sources have been reported, and the C␣ rmsds between the various structures are small (33) . There is no reason, therefore, to suspect there are variations in the gross structural features of the enzyme that might be connected with the observed rate distribution. Instead, we focus on the types 1 and 2 Cu sites.
Two histidines, a cysteine, and a methionine provide the Cu ligands in the type 1 site. In the structure of Rhodobacter sphaeroides 2.4.3 NiR, this methionine is partially disordered (33) . In all NiRs studied to date, the type 2 Cu is immobilized in the protein framework by three histidines. When this site is oxidized, its fourth coordination position is occupied by a water molecule or a hydroxide ion at different positions, depending on pH (34) . When the site is reduced, this fourth ligand disorders (18, 33) . The reduction of the nitrite requires the uptake of two protons, in the delivery of which two residues close to the type 2 site play a crucial role, Asp-98 and His-255 (A. faecalis numbering) (35) . They are part of a hydrogen-bonding network involving a number of water molecules, which are likely to play a role in the transport of the protons. [A second network of water molecules in the vicinity of the active site has been identified, but its function is uncertain (36) .] The water molecules exhibit partial disorder, as does His-255. † † The relatively large B factor of the Asp-98 side chain points to an increased mobility of this residue (18, 35) . The conclusion must be that, at the catalytic heart of the enzyme (i.e., the types 1 and 2 Cu sites), there is partial disorder in the first (types 1 and 2) and the second (type 2) coordination shells of the metals.
Structural and conformational variations in the first and second coordination sphere of a metal are known to cause variations in midpoint potential (34) . They can easily amount to plus or minus 50 mV, in line with recent observations on the range of midpoint potentials observed by FRET detected cyclic voltammetry on small clusters of azurin (34, 37) . With a typical value for the reorganization energy, , of 700 mV and a driving force ⌬G Ͻ Ͻ , a 100-mV variation in midpoint potential will affect the rate of electron transfer from the type 1 to the type 2 site by a factor of Ϸ2, as calculated from Marcus' theory. An effect of similar magnitude will arise from a variation of 100 mV in . Thus, variations in midpoint potential and reorganization energy caused by structural variations in the types 1 and 2 sites may, at least in part, account for the observed distribution in characteristic times.
The technique described in the present work is based not on the intrinsic fluorescence of the protein or a fluorogenic substrate but on the fluorescence of a label, the emission of which depends on the absorption properties of the enzyme cofactors. The method can dramatically increase the range of redox enzymes for which the turnover can be studied by singlemolecule fluorescence methods. It can be potentially used for any enzyme for which the absorption significantly changes during its catalytic cycle.
However, the method may have some drawbacks as well. First, with methods that rely on the fluorescence of a fluorogenic substrate, bleaching of the fluorophore will in general be much less of a problem than when a label is used. We have been fortunate that this complication disappeared to a large extent by working under turnover conditions, but bleaching remains a technical challenge. Second, the limited contrast between on and off states has precluded the thresholding of these states, leading to loss of valuable information. The contrast may be improved by increasing the intensity of the excitation source, although this increases the risk of bleaching. Alternatively, the contrast may be improved first by a judicious choice of the label, i.e., one that optimizes the redox state-dependent difference in spectral overlap between label and cofactor and second, by optimizing the position of the label with respect to the cofactor, taking into account the Förster radii of the on and off states. This remains to be tested by future experiments.
Methods
Protein Labeling and Immobilization. The L93C and L93C/H145A variants of nitrite reductase from A. faecalis S-6 were expressed and purified as described (17, 38) . Both L93C and L93C/H145A NiR mutants were labeled with ATTO 655 succinimidyl ester (ATTO-TEC Biolabeling and Ultraanalytics) on the N terminus using a 5ϫ molar excess of dye over the protein and purified by using Centrispin-10 size-exclusion chromatography spin columns with a 5-kDa cutoff (Princeton Separations) (10, 11) . The degree of labeling has been quantified taking 665 ϭ 125 mM Ϫ1 ⅐cm Ϫ1 for ATTO 655 and 280 ϭ 46 mM Ϫ1 ⅐cm Ϫ1 per monomer for both nitrite reductase mutants (17) . The pH was chosen to favor labeling of the N terminus over lysine labeling (10) . The conditions were checked for the case of azurin, for which it was confirmed by electrospray MS that the label was exclusively present on the N terminus (10) .
Before modification of the N-terminally labeled L93C NiR with 1-11-bismale-imidotetraethyleneglycol [BM(PEO) 3 , Pierce], all of the possible disulfide bridges between the introduced cysteines were reduced by incubating the sample solution for 1 hour with a 10ϫ molar excess of dithiothreitol, which was then removed by using a Centrispin-10 size-exclusion column. The BM-(PEO) 3 linker was added in a 25-fold excess over the protein, followed by a reaction time of 2 h before a second size-exclusion step. After, the purification the modified enzyme was put immediately on the surface of the glass coverslip to avoid possible oxidation of the free maleimide groups.
Glass cover slips (Menzel-Glaeser) with 24-mm diameter were sonicated in acetone, 10% NaOH/H 2O (2ϫ), water (2ϫ), and stored in methanol. The cover slips were then ozone-cleaned (UVP PR-100 UV-ozone photoreactor) for Ϸ1 h immediately before silanization. The cleaned cover slips were sonicated for 30 min in 0.1% 3-mercaptopropyl-trimethoxysilane (MPTS), 10% triethoxysilane (TES) (Fluka) solution in toluene, rinsed with toluene, and dried in a nitrogen flow. A 10-nM solution of the labeled and BM(PEO) 3-modified enzyme in 20 mM Hepes, pH 7.0, was deposited onto the glass cover slips and incubated overnight at 4°C. Before measurements, the protein solution was rinsed off with water, and a fresh buffer solution was put on. Reduction agents and substrate were added from stock solutions to final concentrations of 10 mM sodium ascorbate/1 nM PES and 5 M, 50 M, 500 M, or 5 mM sodium nitrite. The number of enzyme molecules exhibiting switching varied with sample preparation; the data reported here were taken from samples where an estimated 60 -80% of the fluorescing molecules exhibited switching.
Fluorescence Measurements in Bulk. Fluorescence time courses were measured on a Cary Eclipse fluorimeter with ex ϭ 665 nm and em ϭ 685 nm. The enzyme concentration was 100 nM. All of the other experimental conditions were the same as in the single-molecule experiments. First 5 mM NaNO 2 and then 10 mM sodium ascorbate/1 nM PES were added to the protein sample, and the steady-state fluorescence intensity was recorded. The fluorescence intensities corresponding to fully reduced and fully oxidized NiR were determined by reducing the same concentration of labeled NiR by excess ascorbate/PES and oxidizing it by ferrocyanide, respectively.
Enzyme Activity Assay in Bulk. The rates of NO formation by labeled enzyme were measured in bulk in an anaerobic 20 mM Hepes solution at pH 7.0 by using a 10 mM ascorbate/1 nM PES mixture and 30 nM of enzyme. The concentration of sodium nitrite was varied from 5.4 M to 4.4 mM. The production of NO was monitored by using a Clark-type electrode (39) . It was checked that the labeling did not significantly affect the enzymatic activity by assaying the activities of labeled and unlabeled enzyme in separate experiments. This was confirmed in a second assay by which methylviologen (MV) was used as an electron donor, and the consumption of the MV was followed optically. **The crystallographic temperature factors or B factors are a measure for the accuracy by which the atomic coordinates in a crystal structure have been determined. There are two main contributions to the B factor: increased mobility and static disorder (see also ref. 34 ). † † Partial disorder of water molecules means that in the electron density map, weak electron density is observed at some points that may correspond to water molecules. The water molecules occupy these positions only partially, which is why the density is weak. See also ref. 34 .
Single-Molecule Fluorescence Experiments. Laser light [Coherent CR599 Dye laser (Rhodamine 6G), 160 mW, 620 nm, pumped by a 5-W Spectra-Physics Millennia Pro] was coupled into a single-mode optical fiber, reflected by a dichroic beam splitter (FT 645), and focused on the sample by an oil-immersion ϫ100 objective (Zeiss, N.A. ϭ 1.30) mounted on a Zeiss Axiovert 200 inverted microscope. The power density at the sample was 0.5-1 kW⅐cm Ϫ2 . Fluorescence emission emerging from the focal volume was collected through the same objective, passed through the beam splitter, filtered through a red cutoff filter, directed through a 50-m pinhole, and finally focused on an avalanche photodiode (Perkin-Elmer SPCM-AQR-14) connected to a National Instruments PCI-6036E data acquisition card operating at 20 MHz. Samples were mounted onto a Physik Instrumente P-517.2 CL nanopositioner (9) . Sample movement and data collection and analysis were controlled by a LabView program.
Data Processing. The binning, histogram calculations, histogram fitting with Poissonian distributions, and autocorrelation calculations were done by using a home-developed LabView program. For the calculation of the autocorrelation functions, various bin sizes were tried, including a calculation based on the photon arrival times (40, 41) . No strong dependence of the results on the bin size or the use of the photon arrival times was observed (SI Appendix, SI Fig. 9 ). The bin size used eventually for the autocorrelations was 1 and 10 ms for other calculations. The autocorrelation functions were fitted with stretched exponential functions by using Origin 7.5 (OriginLab).
